This paper is focused on the systematic investigation of the layer-by-layer removal of corrosion products on artificially corroded metal coupons aiming to introduce a methodology for the optimum laser cleaning approach of historical metal objects. Thus, it is very important to determine the chemical composition of the studied surfaces before and after irradiation. A series of laser cleaning studies has been performed on test coupons (reference and artificially corroded). Wavelength and pulse duration effects are investigated. Initial studies were focused on the use of infrared (1064 nm) and ultraviolet (355 nm and 248 nm) radiations of nanosecond (ns) pulse duration. Damage and removal threshold values were determined for the substrates and the corrosion layers, respectively. The irradiated surfaces are evaluated microscopically under the optical and the scanning electron microscope, while the mineralogical and chemical composition of the various layers is determined with X-ray diffraction and SEM-EDAX analyses, respectively. The results obtained are providing a comprehensive approach for understanding the main mechanisms that are significant in the different laser cleaning regimes, while the optimum cleaning methodologies for the studied materials are being established.
INTRODUCTION
The goal of this work is to find the best method for cleaning iron, copper, and silver alloy historical museum objects, which often require controlled cleaning of the surface from corrosion products without affecting the metal substrate [1, 2] . These museum objects often have decorative surface details such as engravings, granulation, inlays, gilding, niello, and so forth, but corrosion due to the atmosphere has tarnished or oxidized these surfaces [3] . For museum display, it is often necessary to remove tarnished or oxidized corrosion, while it is important not to affect either the metal substrate (minimal scratching) or the surface decoration. Such controlled mechanical cleaning is difficult with traditional hand or electrically powered tools commonly used by professional conservators-restorers (C-Rs). C-Rs are always in search for optimum methods of cleaning such fine surface detail in a controlled manner. Laser cleaning is able to provide an adequate cleaning of historical objects.
Nowadays lasers are used widely in analysis, monitoring, and conservation of cultural heritage objects (see [4] ). Their unique properties are being responsible for high control, selectivity, minimal contact, and versatility; attributes that are essential for any conservation intervention on such valuable objects. In metal conservation, there have been plenty of studies aiming to use lasers for the removal of different corrosion layers, encrustations, and coatings from various metal surfaces with mixed results (see [5] [6] [7] [8] ). Still many issues are not yet resolved and thus the application of lasers in metal conservation is not universally accepted. Such issues include the preservation of the original surface, the understanding of the formation of unwanted laser-induced alteration layers, the final morphology of the irradiated surfaces, and the establishment of a methodology for the everyday 2 Laser Chemistry implementation of laser cleaning in the conservation practice. The above studies have been mainly investigating the effects that the radiation of various laser systems at different wavelengths with nanosecond (ns) pulse duration may cause. Recently, the use of ultrashort laser pulses to clean metal surfaces was reported with very interesting results [9] . Such lasers may be a viable solution to many of the above mentioned unclear issues in metal conservation as they offer unique advantages in comparison to the ns laser systems; such as minimal thermally and chemically induced alterations, higher spatial confinement, control, and so forth [10] .
EXPERIMENT
This work aims to investigate in a systematic way how the wavelength and pulse duration may affect the laser-assisted removal of various corrosion layers formed on historical metal objects exposed to urban environment. Artificially corroded samples of iron, copper, and silver alloys are being used for the evaluation of the different laser cleaning regimes and methodologies. Damage and removal threshold values are determined both for the metal substrate and the corrosion layers, while physicochemical analysis on the irradiated surfaces aims to detect any laser-induced alterations. The specific objective is to determine the fluence values adequate to remove corrosion products from the different metal substrates, in a controlled manner, without altering the object's original surface or damaging the metal substrate.
The project's plan includes the study of both infrared (1064 nm) and ultraviolet (355 nm and 248 nm) laser radiations at various pulse durations (microsecond, μs, nanosecond, ns, and picosecond, ps). The initial results presented herein were focused on the study of all the wavelengths (1064 nm, 355 nm, and 248 nm) in the ns regime.
A. Siatou et al. Due to the nature of the studied corrosion layers (pulverant and/or randomly distributed corrosion spots) and substrates (metal surfaces) it was not possible to establish in a systematic way the amount of ablated material per pulse for a series of different fluence values and thus determine from the corresponding graph the ablation threshold for each studied material [11] . Instead, the determination of the damage threshold on the metal substrate and the ablation threshold of the artificial corrosion layer was based on the presence of any melting or discoloration feature observed on the studied surface upon its irradiation with a single laser pulse as a function of increasing fluence values. Figure 1 shows a series of SEM photos indicating the determination process of the damage threshold on reference iron coupon. The grinding lines of the reference surface (see Figure 1(a) ) are completely destroyed upon irradiation with Nd:YAG laser pulses at 1064 nm at relatively high fluence values (5.7 J/cm 2 ), where intense melting occurs. Instead, at 0.9 J/cm 2 , melting is limited and observed only at the edges of the grinding lines, and thus this fluence value is considered as the ablation threshold of the iron core metal.
MATERIALS AND METHODS

Samples
Test samples representing the composition and the corrosion of historical metal artifacts were prepared. The three types of metal substrates studied were (a) iron (low carbon steel), (b) copper (cast bronze), and (c) 950
• silver alloys. The detailed information on the composition of the reference surfaces is presented in Table 1 .
Artificial corrosion was then produced on the metal surface using the following different methodologies according to the substrate: (A) iron alloy coupons were corroded in a "voetsch industrietechnik (VC 4034)" climatic chamber using humid-dry cycles. The methodology used was based on the artificial corrosion of similar coupons prepared by Heritage Malta 1 and are given in Table 2 . This type of artificial corrosion creates localized corrosion spots randomly distributed on the iron surface; (B) bronze coupons were corroded by direct application on the surface of a Cu(NO 3 ) 2 + NH 4 OH solution, as suggested in [12] . A cold solution of Cu(NO 3 ) 2 + NH 4 OH was applied by brushing directly onto the heated metal surface at several time intervals. The bronze coupons were then dried in room condition. The corroded surface is uniformly covered with a layer of green corrosion products (copper(II)hydroxide nitrate); (C) silver exposed to urban or indoor environment, as most historical objects are, tarnishes due to the sulfur containing atmosphere, forming a black layer of silver sulfide on the objects surface [3, 13] . For the artificial corrosion of silver, we created an atmosphere containing sulfur ions in a closed chamber by acidifying sodium sulfide (Na 2 S). After one-day exposure, an evenly distributed black layer was created on the silver surface.
The aim is the total removal of the corrosion products on iron and silver and the removal of the green corrosion layer on bronze, without any alteration (both in color and surface morphology) to the underlying metal surface. 1 Heritage Malta (HM), Old Royal Naval Hospital, Bighi,CSP 12, Kalkara, Malta.
Laser irradiation
Irradiation studies were carried out using the following laser systems:
(i) A modified Q-switched Nd:YAG laser (BMI, series 5022 DNS 10) with pulse duration in the range of 5-7 ns and maximum repetition rate of 10 Hz. The system emits both the fundamental wavelength (at 1064 nm) and its third harmonic (at 355 nm) at maximum energy outputs of 1000 mJ and 300 mJ, respectively. (ii) A compact excimer laser (TUI laser, Braggstar 200 model) operating at 248 nm (KrF). The system produces pulses (10 ns) with maximum energy of 16 mJ.
All laser beams were focused by means of a fused silica planoconvex lens ( f = +100 mm) on the sample surface. Optical attenuators introduced in the beam path in various angles were employed to adjust the energy output of each laser beam. The parameters of the employed systems are presented in Table 3 . The complementary application of wetting solutions (water and/or ethanol) was also considered. As there was no obvious difference in the behavior of the two wetting agents, ethanol was chosen because it is inert with the metal surface while water may cause further corrosion to the metal, that is, flash rusting on iron. Its application on the corroded bronze samples was found to enhance the cleaning process and remove the corrosion products in a homogeneous way without discoloration phenomena. On the other hand, no obvious difference was observed on iron samples while it was believed to cause the formation of bluish coloration on the surface of silver.
Analytical techniques
The surface morphology of the irradiated samples was studied using a stereomicroscope (SM), while specially prepared samples embedded in resin which were examined under reflected polarized light by means of a Nikon ECLIPSE ME The metal is not affected at the studied fluences (0.1-0.5 J/cm 2 ) The metal is not affected at the studied fluences (0.1-0.5 J/cm 2 ) 600 microscope (OM) equipped with a HITACHI KP-CS 71 digital camera. The cross-sections were studied in various magnifications (5x, 10x, 20x) aiming to determine the interface between the corrosion layer and the authentic surface and thus deciding the cleaning limit. A JEOL JSM-840 scanning electron microscope (SEM) was employed to study any laser induced alterations to the original surface. X-ray diffraction analysis (XRD) was used to identify the chemical composition of the various corrosion layers as well as possible changes in the chemistry of the irradiated surfaces. Analysis was performed by a RIGAKU, RINT 2000 series powder diffractometer, using Cu Ka1 radiation (1,5405Å). Measurements were carried out in the range 3
• < 2 < 70
• with a step of 0.02 • . Figure 2 shows a series of cross-sections on artificially corroded iron: Figure 2 The results of the irradiation tests are summarized in Table 4 . The Q-switched Nd:YAG laser system emitting pulses of ns pulse duration at 1064 nm was found to be able to remove corrosion products of iron in-depth without affecting the metal core. The selection of the ablation threshold on the corrosion is presented in Figure 3 .
RESULTS AND DISCUSSION
Iron
On the opposite, ultraviolet radiation both at 355 nm and 248 nm was insufficient to remove the corrosion spots while causing further alteration (blackening) (see Figure 4) . The chemistry of the blackened surfaces is under investigation.
Bronze
Two distinctive corrosion layers are observed on the bronze coupons: a thick green corrosion layer (Cu 2 NO 3 (OH) 3 ) that uniformly covers the entire surface ( Figure 5(a) ) and under this a dark oxide layer (CuO). Considering that this dark oxide layer acts as a barrier that protects the underlying metal surface from further corrosion [1] it was decided to remove only the green corrosion layer while keeping the oxide layer intact.
The results of the irradiation tests are summarized in Table 5 . Similarly to the iron case, the infrared radiation at 1064 nm emitted from the Nd:YAG laser at fluences in the range of 0.3-0.4 J/cm 2 was able to efficiently remove the green corrosion layer without any alteration to the underlying oxide layer (see Figure 5(b) ). It was also shown that the application of a thin layer of ethanol enhances the cleaning process.
On the other hand, irradiation tests with ultraviolet wavelengths resulted in an apparent discoloration (towards yellow) of the green corrosion layer (see Figure 5(c) ). The chemistry of the yellow-discolored layers is under investigation.
Silver
The silver sulfide (Ag 2 S) layer formed on the coupons surface is very adherent and thus difficult to remove. Our aim is to reach the original surface and expose the shining silver surface. However, this task is difficult since silver is very sensitive to laser irradiation causing melting on the surface with all wavelengths. The best case scenario is the removal of a superficial corrosion layer using UV irradiation. This can be achieved with a KrF excimer laser emitting pulses of ns duration at 248 nm, since at 355 nm whitening appears on the surface and the metal becomes dull. The results of the irradiation tests on the silver samples are presented in Table 6 .
Overall comments/discussion
From the above-shown preliminary results, focused on the study of infrared and ultraviolet wavelengths (1064 nm, 355 nm, and 248 nm) in the ns regime, it is clear that many issues still have to be answered. Infrared radiation at 1064 nm with ns pulse duration emitted from a Q-switched Nd:YAG laser was found to be able to remove artificially grown corrosion spots on iron and relatively thin corrosion products from bronze coupons with quite satisfactory results. Still their application in real objects with thicker, harder, and more inhomogeneous corrosion layers should be considered. Similarly, ultraviolet laser pulses at 248 nm emitted from a KrF excimer laser were found to be able to remove tarnish from silver quite satisfactory, still the final surface lacks its initial glossy appearance. Studies are now performed with laser systems with shorter pulse widths and the initial results are very satisfactory. The thorough and comparative evaluation of these studies may answer many of the unsolved issues in metal conservation and will indicate the appropriate laser parameters for the cleaning of each individual problem.
